Wave functions of electrically neutral systems can be used as information carriers to replace real charges in the present Si-based circuit, whose further integration will result in a possible disaster where current leakage is unavoidable with insulators thinned to atomic levels. We have experimentally demonstrated a new logic gate based on the temporal evolution of a wave function. An optically tailored vibrational wave packet in the iodine molecule implements four-and eight-element discrete Fourier transform with arbitrary real and imaginary inputs. The evolution time is 145 fs, which is shorter than the typical clock period of the current fastest Si-based computers by 3 orders of magnitudes. DOI: 10.1103/PhysRevLett.104.180501 PACS numbers: 03.67.Lx, 33.80.Àb, 42.50.Dv, 82.53.Kp The present Si-based circuit will shortly reach its fundamental limit where the current leakage will cause heat and errors with insulators thinned to atomic levels [1]. This limit cannot be overcome even with sophisticated molecular electronics [2] as long as real charges are used as information carriers. Wave functions of electrically neutral systems can possibly replace real charges of the present Sibased circuits to avoid this leakage problem. Neutral atoms and molecules are good candidates as these neutral systems. Furthermore, a shaped ultrashort laser pulse can access many eigenstates simultaneously in an atom or molecule. It is not unrealistic that 10 vibrational eigenstates in a diatomic molecule are coherently superposed to generate a vibrational wave packet (WP):
The present Si-based circuit will shortly reach its fundamental limit where the current leakage will cause heat and errors with insulators thinned to atomic levels [1] . This limit cannot be overcome even with sophisticated molecular electronics [2] as long as real charges are used as information carriers. Wave functions of electrically neutral systems can possibly replace real charges of the present Sibased circuits to avoid this leakage problem. Neutral atoms and molecules are good candidates as these neutral systems. Furthermore, a shaped ultrashort laser pulse can access many eigenstates simultaneously in an atom or molecule. It is not unrealistic that 10 vibrational eigenstates in a diatomic molecule are coherently superposed to generate a vibrational wave packet (WP):
jÉðr; tÞi ¼ X n c n jc n ðrÞi exp½Àið! n t À n Þ; (1) where jc n ðrÞi and ! n are the eigenfunction and transition frequency of the nth vibrational level, respectively; c n and n represent its amplitude and phase; and r is an internuclear distance. The amplitude c n and phase n of each eigenstate can be manipulated individually with a pulse shaper, binarized as (0, 1) and (0, ), for example, to give possible binary codes (0, 0), (0, ), (1, 0), and (1, ). Accordingly ð2 2 Þ 10 ¼ 1 048 576 different kinds of information can be encoded to the WP in a simple diatomic molecule in the angstrom scale. This inherent property as a high-density memory makes it meaningful to investigate information processing with eigenstates of atoms and molecules. Molecules are especially now expected to be a promising medium for large-scale quantum computing [3] [4] [5] ; the dipole-dipole interaction of molecules is expected to serve as a useful resource for two-qubit operation based on quantum correlation. Hence it is promising to study information processing with molecular eigenstates, which will be referred to as ''molecular eigenstate-based information processing (MEIP)'' hereafter, for both highdensity classical information processing and quantum information processing.
Read and write operations are the most fundamental operations in any type of information processing. For MEIP, the read procedure is the retrieval of amplitude and phase information stored in a WP, and the write procedure is the creation of arbitrarily shaped WPs with shaped ultrashort laser pulses. The development of these most fundamental operations is almost finished [6] [7] [8] [9] [10] [11] [12] .
The next step should be the development of logic gates. A number of theoretical efforts [13] [14] [15] [16] [17] [18] and a few experimental efforts [19, 20] have been made on logic gates to be implemented in the vibrational, rovibrational, and vibronic manifolds of diatomic and polyatomic molecules, mostly based on population transfer with shaped ultrashort laser pulses. Here we demonstrate new logic gates based on the temporal evolution of a vibrational WP in a diatomic molecule. We use a WP composed of vibrational levels around v ¼ 36 in the B state of the iodine molecule, so the relative phase oscillates at 1:7 Â 10 12 Hz between the adjacent vibrational levels. This oscillation gives ultrafast phase shift of each eigenfunction to be regarded as the clock rate of this new logic gate. We have applied this freeevolution gate to the discrete Fourier-Transform (DFT), which is one of the most important logic gates and is useful in a variety of sciences and technologies such as spectroscopy and image analysis [21] . It is also a key component in an important quantum algorithm such as Shor's factorization algorithm [22] . Our ultrahigh-precision wave-packet interferometry [6] [7] [8] has retrieved complete sets of amplitude and phase information stored in the input and output states, verifying the transform has been securely executed with arbitrary real and imaginary inputs. The essence of this scheme is summarized in Fig. 1 . As for the four-element DFT, for example, an input f in such as PRL 104, 180501 (2010) 
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where the time-dependent coefficients vector aðtÞ ¼ ða v ðtÞ; a vþ2 ðtÞ; a vþ3 ðtÞ; a vþ4 ðtÞÞ is defined with a timedependent phase v ðtÞ as
and the 4 Â 4 DFT matrix G 4 is diagonalized as
Therefore the DFT f out of the input f in is
Ignoring the potential anharmonicity of the B state, the diagonal matrix D 4 represents the temporal evolution of aðtÞ for
where T vib ¼ h ÁE , and ÁE is the energy separation of the adjacent vibrational levels. The matrices G 4 , w 4 , w À1 4 , and D 4 are given in the supplementary material [23] . In the actual experiment, therefore, aðt ¼ 0Þ is written to the vibrational WP with a shaped laser pulse. The coefficients a v 's of that input WP after its temporal evolution for 
It is important to note that the transform matrix w 4 is common to any arbitrary input f in and can be physically implemented by a common hardware for both of the transforms w 4 and w À1
4 . In the classical digital computer, DFT is usually implemented by the fast FT (FFT) algorithm, which reduces the computational steps of the N-element DFT from N 2 to 2N log 2 ðNÞ [21] . It is not straightforward to compare our DFT directly with the current FFT algorithm, because we have omitted the base transforms w À1 4 and w 4 , and the computational steps are reduced to N. However, the residual N-step operation is drastically accelerated with the parallel phase shift of the N functions superposed coherently and with the ultrafast molecular clock. This ultrafast FT (UFFT) is completed in subpicoseconds, which is shorter than the typical clock period of the current fastest Si-based computers by 3 orders of magnitudes [24] .
We have tested the performance of our four-element UFFT for four orthogonal inputs, using the vibrational levels v ¼ 34, 36, 37, and 38. Since DFT is a linear transform, the transforms of four basis functions are a sufficient test for arbitrary inputs. To check the basis-set dependence, we have tested with two sets of basis functions shown in Table I . The details of the experimental setup and procedures will be given elsewhere [25] , and the relevant molecular inputs and outputs, aðt ¼ 0Þ and aðt ¼ 1 4 T vib Þ, are described in the supplementary material [23] . Briefly, the I 2 molecules were prepared in the electronic ground state (
) by an expansion of heated I 2 -Ar mixture ($330 K, $2 atm) into a vacuum chamber through a nozzle. The output of a Ti: sapphire laser system (pulse width $100 fs, repetition rate 1 kHz) was used to pump an optical parametric amplifier (OPA). Its output was tuned TABLE I. Orthogonal four-element inputs and their DFTs tested in the present experiments and corresponding preparation fidelities and transform accuracies. Numbers in parentheses indicate 1 standard deviation estimated from 1 standard deviation of the phases of the input and output interferograms leastsquare fitted with sine functions. The uncertainties in the population spectra were not included in these error limits [23] . 
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around $524 nm and was input to our newly developed ultrastable interferometer, in which a liquid crystal pulse shaper was inserted in one of the two arms [23] . This interferometer produced a shaped ''write'' pulse and an unshaped ''reference'' pulse whose delay was highly stabilized on the attosecond time scale. The write and reference pulses were introduced collinearly into the vacuum chamber to intersect the molecular jet. The write pulse was used to create the shaped WP at t $ À1:2-À 1:5 ps to prepare an arbitrary molecular input aðt ¼ 0Þ, which evolves into a molecular output aðt ¼ 1 4 T vib $ 145 fsÞ with the present choice of v. The reference pulse was used to create a reference WP at t ¼ 0 or $145 fs. We employed a narrow-band nanosecond ''read'' laser pulse delayed from the write pulse by 35 ns for the state-selective interrogation by the laser-induced fluorescence technique with the E state being the fluorescent state. The wavelength of this read pulse was scanned to measure the E-B excitation spectra of the v E v ¼ 27 34, 29 36, 28 37, and 29 38 vibronic bands without introducing the reference pulse. For each input f in , we measured the spectra of a shaped input WP, whose areas were normalized, respectively, by those of an unshaped one measured with the pulse shaper set to have its maximum transmissions at all the frequency components of the OPA output. All of the measured spectra will be given elsewhere [25] . A set of these four normalized areas is hereafter referred to as a ''population spectrum,'' and is shown in Fig. 2 (i) as a histogram. The population of each eigenstate is hereafter defined to be the height of each bar in this histogram. The phases v ðtÞ's of the eigenstates at t ¼ 0 or $145 fs were obtained from the interferogram of the shaped and reference WPs. In this interferogram, we plotted the peak areas of the excitation spectra measured with the reference WP superposed on the shaped WP as a function of their relative phase scanned for 6:9-8:7 in steps of À0:43-À 0:54 radian toward a negative direction by moving a mechanical stage placed in one arm of the interferometer. In each step, the phase was feedback stabilized every 11-16 s in the intervals of the measurements of the vibronic bands. This phase stabilization was turned off during the measurement of each vibronic band. The phases v ðtÞ's thus measured were not exactly the same as those defined by Eq. (3) since the reference pulse was more or less deviated from a FTlimited one. However, this is not an essential problem in the present demonstration since the phase origins can be redefined to be the phases of the eigenstates of the reference WP. The details of the data analyses will be given elsewhere [25] .
Figures 2 (a) and (h) show the experimental results obtained with the inputs listed in Table I (a) and (h). For example, Figure 2 (a) shows the result with the input f in ¼ ð1; 0; 0; 0Þ transformed to the molecular input aðt ¼ 0Þ ¼ ; À1; 0; 1Þ, which is to be written to an input WP with a shaped write pulse at t $ À1:3 ps. The population spectrum displayed in Fig. 2 (a) (i) shows that the population ratio is almost 2:1:0:1ð¼ j Fig. 2 (a) (ii) shows that the phase 36 ðt ¼ 0Þ is shifted by $ from 34 ðt ¼ 0Þ and 38 ðt ¼ 0Þ. Therefore it is experimentally verified that the molecular input aðt ¼ 0Þ ¼ ; À1; 0; 1Þ is almost realized in the input WP. It is seen, on the other hand, that the interferogram around t $ 145 fs displayed in Fig. 2 (a) (iii) shows the phase 36 ðt $ 145 fsÞ is shifted by $ from 36 ðt ¼ 0Þ to be almost in phase with 34 ðt $ 145 fsÞ and 38 ðt $ 145 fsÞ in the molecular output. The population ratio is reasonably regarded to be constant for 145 fs since a typical life time of the B state is about 1 s [26] . Therefore the correct molecular output aðt $ 145 fsÞ ¼ Fig. 2 (h) show that the correct molecular input aðt ¼ 0Þ ¼ The performance of our UFFT has been quantitatively evaluated with a preparation fidelity and a transform accu- Table I and the supplementary material [23] . The same color denotes the same vibrational level among (i), (ii), and (iii). The origin of the relative phase ( ¼ 0) is arbitrary, and it denotes the position of the peak of the interferograms of v ¼ 38 for (a) and (h), and v ¼ 32 for (A). Dots are measured data, and solid lines are the sine functions least-square fitted to the measured interferograms with their periods fixed to 2. The measurement of each interferogram and its least-square fitting have been carried out for a broader range of [25] .
week ending 7 MAY 2010 1 2 T vib for the same sets of vibrational eigenstates [29] . In one of few pioneering experiments regarding implementation of a MEIP logic gate [19] , Amitay and co-workers assigned the ''yes'' output of a classical AND gate to a specific temporal evolution of a WP, employing their local definition and one particular input available only within that experiment. In our present study, however, we have demonstrated a conceptually new MEIP logic gate, where we have utilized the temporal evolutions of a WP as gate operations according to their universal definitions with any arbitrary input.
Another promising approach to logic gates in MEIP has been proposed, based on population transfer with shaped intense laser pulses in the nonperturbative regime [13] [14] [15] [16] [17] [18] . This includes four-element DFT with a 6-ps shaped pulse proposed theoretically [13] . Compared with this strong field approach, our free propagation approach may be less universal, but has better energy efficiency and fidelity. These two approaches could complement each other.
In the present demonstration of MEIP, read and write operations have been executed with an ensemble of jetcooled molecules. Addressing of each molecule will be necessary for the future scalability. Rapid progress in the preparation of cold molecules in magnetic traps [30] , in optical dipole traps [31] , or in quantum solids [32] will hopefully be useful for this single-molecule addressing to be combined with our ultrafast MEIP approach.
